Local electronic effects in the vicinity of an impurity provide pivotal insight into the origin of unconventional superconductivity, especially when the materials are located on the edge of magnetic instability. In high-temperature cuprate superconductors, a strong suppression of superconductivity and appearance of low-energy bound states are clearly observed near nonmagnetic impurities. However, whether these features are common to other strongly correlated superconductors has not been established experimentally. Here, we report the in situ scanning tunneling microscopy observation of electronic structure around a nonmagnetic Zn impurity in heavy-fermion CeCo(In1−xZnx)5 films, which are epitaxially grown by the state-of-the-art molecular beam epitaxy technique in ultrahigh vacuum. The films have very wide atomically flat terraces and Zn atoms residing on two different In sites are clearly resolved. Remarkably, no discernible change is observed for the superconducting gap at and around the Zn atoms. Moreover, the local density of states around Zn atoms shows little change inside the hybridization gap between f -and conduction electrons, which is consistent with calculations for a periodic Anderson model without local magnetic order. These results indicate that no nonsuperconducting region is induced around a Zn impurity and do not support the scenario of antiferromagnetic droplet formation suggested by indirect measurements in Cd-doped CeCoIn5. These results also highlight a significant difference of the impurity effect between cuprates and CeCoIn5, in both of which d-wave superconductivity arises from the non-Fermi liquid normal state near antiferromagnetic instabilities.
I. INTRODUCTION
Unconventional superconductivity often emerges from the competition between magnetically ordered and paramagnetic phases in a wide variety of strongly correlated materials, including cuprate, iron-pnictide, and heavyfermion compounds. In these materials, superconductivity is frequently observed close to an antiferromagnetic (AFM) quantum critical point (QCP) where the ordered and disordered states are nearly degenerate 1-3 . It is widely believed that the proliferation of quantum fluctuations in the vicinity of the AFM QCP gives rise to the non-Fermi liquid behavior, which is visible in many physical quantities in the normal state, and induces the magnetically mediated pairing interaction. To gain deep insight into the pairing mechanism and competing electronic correlations in these unconventional superconductors, more and more efforts have been focused on understanding the changes of the electronic structure produced by an impurity 4, 5 . In Bardeen-Cooper-Schrieffer superconductors with s-wave symmetry, a nonmagnetic impurity acts as a weak scatterer because the time reversal symmetry is preserved unlike a magnetic impurity. On the other hand, in unconventional superconductors, both magnetic and nonmagnetic impurities can act as pair breakers and strong scatterers. The effect of a nonmagnetic impurity is particularly intriguing in unconventional superconductors near the magnetic instability, because the different types of orders compete and coexist in a delicate balance. The induced disorder may have the power to tip the balance in favor of one of the orders. In fact, remarkable phenomena caused by impurities have been reported in cuprates, where the superconductivity is strongly suppressed by a nonmagnetic Zn impurity. The bound states around a Zn atom are most spectacularly seen in scanning tunneling microscopy (STM) 6 . Furthermore, nuclear magnetic resonance (NMR) studies reveal induced local magnetic moments around Zn atoms 7, 8 . On the other hand, a magnetic Ni impurity does not strongly suppress the superconductivity, although it forms impurity bound states 9 .
Among the heavy fermion systems, CeCoIn 5 , whose crystal structure is illustrated in Fig. 1(a) , is one of the most fascinating materials 10 , as it shares many of the characteristics of cuprates, including quasi-twodimensionality, proximity to antiferromagnetism, and d x 2 −y 2 -wave pairing superconductivity [11] [12] [13] arising from a non-Fermi-liquid normal state. The impurity effects on CeCoIn 5 have aroused a great interest because of their highly unusual features, especially when a hole is doped by substituting Cd, Hg, and Zn for In [14] [15] [16] . A slight doping of Cd, Hg, and Zn into CeCoIn 5 can change the ground state sufficiently to induce antiferromagnetism; the electronic state can be tuned between superconductivity and AFM order with a coexistence region for intermediate dopings. This behavior contrasts with that achieved by electron doping with Sn substitution for In in CeCo(In 1−x Sn x ) 5 17-19 and substituting with La on the Ce site in (Ce 1−x La x )CoIn 5 , in which superconductivity is suppressed but no AFM order is observed [20] [21] [22] . These results raise the crucial question about the impact of a nonmagnetic impurity in the vicinity of AFM QCP, which is of vital importance for understanding the interplay between superconductivity and antiferromag- netism. There are two scenarios. First, the Fermi energy is shifted by doping holes, so that either superconductivity or AFM order emerges, depending on the competition between Ruderman-Kittel-Kasuya-Yosida interaction and Kondo effect, in much the same way that applying pressure changes the ground state. The second scenario is that, similar to cuprates, nonmagnetic impurities induce a local magnetic moment 7, 8, [23] [24] [25] . When AFM droplets overlap with each other as the impurity concentration is increased, the system can undergo a transition into a long-range AFM state. NMR measurements of Cd-doped CeCoIn 5 support the latter scenario; Cd impurity nucleates local AFM droplets [26] [27] [28] . However, it is not clear whether the formation of the AFM droplets is a universal property caused by the substitution of a hole dopant at the In sites in CeCoIn 5 . To provide a decisive answer to this issue, information about the local electronic structure around a single nonmagnetic impurity is crucially important.
STM provides detailed information about the local electronic structure. However, until now, STM measurements have been performed on only a few heavy fermion compounds and very little is known about the local impurity effect, mainly because of the difficulty in obtaining a fresh atomically flat surface by cleaving the single crystal 12, 13, [29] [30] [31] [32] [33] [34] . Recently, the state-of-theart molecular beam epitaxy (MBE) technique was developed to fabricate high quality thin films and superlattices comprising of heavy fermion compounds 35, 36 . In this technique, the crystal growth can be controlled at atomic layer level, as revealed by the superconductivity in CeCoIn 5 /YbCoIn 5 superlattices which consists of oneunit-cell-thick CeCoIn 5 37-39 . Therefore this technique opens up the possibility to produce wide fresh atomically flat terraces, as required for STM measurements. Another significant advantage is that MBE is suitable for the preparation of systems with homogeneous impurity concentration, because the epitaxial growth occurs in non-equilibrium condition at temperatures much lower than the temperature used for single crystal growth by flux method 40 . This is particularly important in heavy fermion compounds, in which several different types of orders often compete and coexist. Furthermore, owing to the ability to evaporate several atoms simultaneously, the impurity concentration can be controlled very precisely. Recently, advances in thin-film growth technology combined with STM measurements have provided a unique opportunity to explore novel phenomena in lowdimensional systems with unprecedented control. For example, the in situ STM observation of epitaxially grown thin films of topological materials and iron-chalcogenide superconductors provide several unique information on the electronic properties, which cannot be obtained in bulk single crystals [41] [42] [43] . However, such measurements have never been attempted in heavy fermion systems, because of the experimental difficulty for growing their thin films.
II. METHODS
The STM experiments have been performed with a combined system of MBE and low-temperature ultrahigh vacuum (LT-UHV) STM. The STM head can be cooled down to 300 mK using Helium-3 refrigerator. Magnetic fields perpendicular to the sample surface can be applied up to 11 T. All data are obtained with a PtIr tip. All conductance spectra are measured by using a lock-in technique with a modulation voltage V MOD and a modulation frequency f MOD . The c axis oriented epitaxial nondoped and Zn-doped CeCoIn 5 films are grown by MBE. The (001) surface of MgF 2 with rutile structure (a = 0.462 nm, c = 0.305 nm) is used as a substrate. The substrate temperature is kept at 370
• C. Each metal element is evaporated from an individually controlled Knudsen cell. The typical deposition rate is 0.01-0.02 nm/s. The area and thickness of the films are 5.0 × 5.0 mm 2 and 120 nm, respectively. The quality of films are checked by X-ray diffraction and atomic force microscopy. The films are transfered to the STM head, while being kept in ultrahigh vacuum (∼ 10 −8 Pa). For the theoretical calculations, we use a periodic Anderson model on a square lattice with two-atomic basis. The first atom corresponds to the Ce-atom including conduction-and f -electrons. The second atom corresponds to In, including only conduction electrons. In addition to a large electron hopping between the conduction electrons of Ce and In, we include a small hybridization between the f -electrons of Ce and the conduction electrons of In. Due to symmetry, we neglect a local hybridization on the Ce atoms. Furthermore, we take into account a small direct transfer between the conduction electrons of different In-atoms. To describe the Kondo effect as necessary for heavy fermion materials, the model contains a local density-density interaction between the f -electrons of Ce. We tune the parameters so that a hybridization gap opens at the Fermi energy with a gapwidth of ∆ = 50 K which corresponds to that of CeCoIn 5 . The effect of a Zn(1) impurity is included by changing the local energy and thus reducing the filling of a single atom at an In(1) position by one electron. This model can be regarded as a toy model describing a Zn-impurity in a single layer of CeCoIn 5 . This model is solved via the realspace dynamical mean field theory (DMFT) which is an extension of DMFT 44 for inhomogeneous systems. Each atom of a finite lattice is mapped onto a separate quantum impurity model and solved self-consistently. Thus, real-space DMFT can treat inhomogeneous systems including impurities. The quantum impurity models are solved via the numerical renormalization group (NRG) 45 . By using real-space DMFT in combination with NRG, we calculate the LDOS close to a Zn(1) impurity and compare it to an In(1) atom.
III. RESULTS
The c axis oriented non-doped CeCoIn 5 thin films were grown by MBE in ultrahigh vacuum (∼ 10 −8 Pa) on MgF 2 substrate. The films are transfered to the STM head, while being kept in ultrahigh vacuum. The superconducting transition temperature T c of this thin film is 2.0 K, which is slightly reduced from the single crys- tal (T c = 2.3 K). The residual resistivity of this film is ρ 0 ≈ 5 µΩcm, which is comparable to that of high-quality single crystal (ρ 0 ∼ 3 µΩcm). The resistivity shows Tlinear dependence above T c , which is a hallmark of nonFermi liquid 46 . This T -dependence, along with the residual resistivity value, is consistent with those of bulk single crystals. The nuclear quadrupole resonance spectra and NMR relaxation rate of thin films are essentially unchanged from bulk single crystals 39 . The slight reduction of T c is likely to be due to the strain effect from the substrate. We note that the x−T phase diagram of impurity substituted (Ce 1−x Yb x )CoIn 5 thin films 40 is very similar to that of single crystals 47 . Based on these results, we conclude that the physical properties of thin films are essentially same as those of bulk single crystals.
Figure 1(b) shows a typical topographic image of a non-doped CeCoIn 5 thin film. The cross-sectional profile along the blue line in Fig. 1(b) is depicted in Fig. 1(c) .
Step structures are clearly observed and the step height is found to be 0.761 nm, which coincides with the c axis lattice constant. We note that the atomically flat terraces are much wider than those of cleaved planes of single crystals. Figure 1(d) depicts the STM topograph with atomic resolution of non-doped CeCoIn 5 thin film. The spatially periodic bright spots forming the square lattice represent In(1) atoms in CeIn(1) plane. In fact, the distance between these spots determined by this image is 0.467 nm, which coincides with the In(1)-In(1) distance. The randomly distributed large bright spots appear to be the defects of In atoms. The top surface of the thin films always exhibits the CeIn(1) plane. We note that single crystals exhibit three different cleaved surfaces, CeIn(1), In(2) and Co planes 30 . In contrast to In atoms, Ce atoms are not resolved clearly. This is due to the fact that the p-orbitals of In atom are extended perpendicular to the surface, while all orbitals of Ce atom are less extended.
Figure 1(e) shows the tunneling conductance dI/dV spectra, which are proportional to the local density of states (LDOS), taken at the In(1) site of non-doped CeCoIn 5 thin film at 0.5 K. The obtained spectrum is essentially the same as the reported one in single crystals 12, 13, 34 . The reduction of LDOS is observed in a wide energy range around the Fermi energy E F . This reduction arises from the formation of a hybridization gap ∆ HG . At high temperature T , the 4f states are well localized, and only non-f (s, p, and d) dispersive conduction bands are present near E F . With decreasing T , the 4f -electrons begin to hybridize with conduction electrons via the Kondo effect and the flat quasiparticle band with 4f character appears near E F . This quasiparticle band is identified as the Kondo resonance peak in the density of states around the Fermi energy. Besides this flat quasiparticle band, the hybridization opens a gap, which begins to emerge below the coherent temperature T K (∼ 50 K for CeCoIn 5 ). In addition to this hybridization gap, a superconducting gap ∆ SC appears at E F . Similar to single crystals, dI/dV remains large at E F even at 0.5 K well below T c , indicating a large residual quasiparticles weight within the superconducting condensate, which is consistent with the results of single crystal.
We note that the local electronic structure is measured mainly through the p z orbital of In(1) atoms which is well extended perpendicular to the surface. Therefore, as shown in Fig. 1(f) , the spectra do not depend on the tip-position in undoped CeCoIn 5 . In Zn-doped CeCoIn 5 , the LDOS at a Zn(1) impurity site is obtained via the direct tunneling process from a Zn impurity (Fig. 1(g) ), while the local electronic structure at a Zn(2) impurity site is obtained indirectly through the In(1) atoms above Zn(2) (Fig. 1(h) ). We denote these spectra as Zn(1) and Zn(2) spectrum.
Figure 1(i) depicts the topographic image of CeCo(In 0.993 Zn 0.007 ) 5 thin film. The transition temperature is T c = 1.8 K, which is slightly reduced by small Zn doping. The dark spots, which are absent in non-doped CeCoIn 5 , can be identified as Zn atoms. The ratio of the numbers of Zn to the numbers of In atoms determined by STM well coincides with the evaporation rate of both elements. As shown in Fig. 1(j) (boxed area in Fig. 1(i) ), in addition to Zn(1) atom residing on the In(1) site, Zn(2) atoms on the In(2) site out of the CeIn(1) plane in the subsurface are observed in-between the In(1) atoms. The proportion of the Zn atom on the In(1) site is approximately 98 % (in comparison with 20 % expected for random occupation), indicating a strong preference to occupy the In(1) atom. This proportion is larger than the substitution of Cd and Hg, ranging from ∼ 40 % to ∼ 70 % 16, 48 . Thus, in the present CeCo(In 0.993 Zn 0.007 ) 5 , nearly 3 % of In(1) site is replaced by Zn(1) and less than 0.02 % of In (2) is by Zn (2) .
The observation of superconducting and hybridization gaps at and around Zn impurities provide direct information of the local electronic structure. Figure 2 shows the superconducting gap at and around the Zn(1) site in CeCo(In 0.993 Zn 0.007 ) 5 . Remarkably, the superconducting gap spectra around Zn(1) site are essentially unchanged from those around neighboring In sites. Figures 3(a) and (b) compare the conductance spectra of Zn(1) to In sites and the spectra of Zn(2) to In sites, respectively. Here, spectra at In sites are taken at In atoms far away (at least seven lattice site) from any Zn impurity. We note that these spectra are essentially same as those of non-doped CeCoIn5. To compare the intensity of the spectra within the hybridization gap, the conductance, G(V ) is normalized by a setpoint conductance, G S . These data demonstrate that the conductance at both Zn(1) and Zn(2) are essentially same as those at In sites.
The absence of any discernible change of the superconducting gap spectra around Zn(1) site immediately indicates that non-superconducting regions are not formed by the Zn impurity, as this would lead to strong suppression of the superconducting gap. In addition, in d-wave superconductors with sign changing order parameter, a non-superconducting regime creates the Andreev bound states, which are not observed in the present measurements. Let us here consider two scenarios about the effect of an AFM droplet on the conduction electrons. First, the AFM droplets are fluctuating, which may occur in the dilute case. In this situation, the formation of a magnetic moment reduces the c-f Kondo mixing, which changes the hybridization gap and LDOS. Therefore, it can be observed in our STM measurements. Moreover, the modification of the LDOS affects the superfluid density, which leads to a change of the superconducting gap. Second, if the AFM droplets form a static order,
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1.0 the LDOS around the impurity is largely influenced because the c-f Kondo mixing is suppressed similar to the fluctuating case. The influence on the superconductivity is even more dramatic. In the majority of models, static magnetic order competes with d-wave superconductivity. Therefore, the superconductivity is strongly suppressed, if static AFM order is induced. Since our measurements demonstrate that the hybridization and superconducting gaps are almost unchanged, it is unlikely that AFM droplets are induced at and around a Zn impurity.
The absence of changes of the hybridization gap around the nonmagnetic Zn impurity is supported by the calculations based on dynamical mean field theory 44 , as displayed in Fig. 3(c) . In particular, the gap width is unchanged, which agrees with the experimental results. We use a periodic Anderson model on a square lattice with a two-atomic basis, which takes Ce-and In(1)-atoms into account. More details on the calculations can be found below in the methods section. To simulate the effect of a Zn(1) impurity, we reduce the electron number of a single In(1) atom by one electron and calculate the LDOS around this atom. These calculations are done in the paramagnetic state. Although the conduction electron band is disturbed around the Zn(1) impurity, the hybridization between the conduction s-, p-, and d-electrons with the Ce f -electrons leads to a gap at the Fermi energy. Our calculations suggest that the width and the shape of this gap is unaltered by including a single impurity. Modifications can only be observed for energies outside the hybridization gap. It should be stressed that these results, which qualitatively agree with the experimental LDOS around a nonmagnetic Zn impurity within the hybridization gap, were obtained without any induced antiferromagnetic moment. Thus, the present calculations do not provide any evidence for the formation of AFM droplets around a single nonmagnetic Zn impurity.
The NMR measurements in Cd-doped CeCoIn 5 reported that the induced AFM moment is strongly enhanced at Cd(2) site 26, 28 . However, our observation of little change of the LDOS both inside and outside the hybridization gap at Zn(2) site indicates that the influence of a nonmagnetic Zn impurity on the electronic structure is much weaker, i.e. Zn(2) atom acts as a very weak scatterer. In addition, STM topograph shows that the number of Zn (2) impurities is less than 1 % of Zn(1) impuri-ties. This indicates that in CeCo(In 0.98 Zn 0.02 ) 5 in which long range AFM ordering is observed 15 , only 0.06 % of In(2) atoms are replaced by Zn atoms. Therefore, it is highly unlikely that the Zn(2) site plays an essential role for the AFM ordering.
Although Zn substitution leads to no discernible change of the LDOS within the hybridization gap at the first glance as shown in Fig. 4(a)-(c) , a tiny modification still appears to be present. Figures 4(d)-(f) display the tunneling conductances at Zn(1) sites on three different terraces normalized by those at In sites locating close to each Zn(1) site. A triple peak structure is clearly visible in the data. This structure is intrinsic and can be observed even when measured with different STM tips. To analyze the spatial dependence of this peak, we show a topographic image around a Zn(1) site in Fig. 4(g) and corresponding dI/dV mapping of the left peak position in Fig. 4(h) . Obviously, the peak structure can be seen only around the Zn(1) sites; the peak structure spatially spreads out to the neighboring In atoms as shown in the line profile in Fig. 4(i) . We note that the difference at the Zn site in Fig. 4 (h) and (i) is emphasized compared to Fig. 4(d) -(f) because of low setpoint bias voltage. We point out that this peak structure cannot be related to any possible induced magnetism around the Zn site. In fact, as shown in Fig. 4(j) , this structure appears in a wide region of the T -H phase diagram, regardless of Fermi or non-Fermi liquid states, indicating that the AFM correlations are irrelevant to the peak structure. This tiny peak structure, which is not captured by the periodic Anderson model, is an open question, which deserves detailed future study.
IV. DISCUSSION
Our STM measurements do not provide evidence that AFM droplets are induced around nonmagnetic Zn impurities. There are two scenarios explaining our measurements. First, AFM droplets are not formed around nonmagnetic impurities and the appearance of long range AFM order at higher Zn concentrations is due to the shift of the chemical potential by hole doping. Second, the induced AFM moments are so tiny that they have no influence on the superconducting and hybridization gaps. We note that although the phase diagrams of CeCo(In 1−x R x ) 5 for R = Zn, Cd, and Hg, in which one hole is doped, bear strong resemblance, we cannot rule out the possibility that the electronic structure around an impurity depends on the dopant; While AFM droplets are induced around Cd atoms, they are not around Zn atoms. In this case, the mechanism of the induction of the static AFM ordering for Zn doping is different from Cd case.
Our results furthermore demonstrate a significant difference of the impact of nonmagnetic impurities between cuprates and layered heavy fermion systems, despite many remarkable common features in both systems. This difference may originate from the different ground states of cuprates and heavy fermions, which are theoretically described by a Hubbard and a periodic Anderson models, respectively. This might also be related to the fact that the mother material, from which superconductivity emerges when the AFM order is suppressed, is insulating for cuprates, while it is metallic for heavy fermions.
V. CONCLUSION
In summary, to investigate the local electronic structure around a nonmagnetic Zn impurity in a heavy fermion superconductor in the vicinity of an AFM QCP, we performed in situ STM measurements on CeCo(In 1−x Zn x ) 5 thin film grown by MBE. The hybridization and superconducting gaps are clearly resolved around the Fermi level. What is remarkable is that the superconducting gap at the Zn(1) site in the Ce plane exhibit no discernible change from that at In sites. Moreover, the LDOS within the hybridization gap also exhibits only little change both at Zn(1) and Zn(2) sites. Thus, our results do not provide any evidence for induced AFM moments around a single Zn impurity. In addition, Zn(2) atoms outside the Ce plane do not play an important role for the emergence of AFM order and suppression of T c . The different response to nonmagnetic impurities between cuprates and CeCoIn 5 may also provide important information on the coexistence and competition of unconventional superconductivity and antiferromagnetism. Moreover, combined MBE-STM system should pave a new way for further experimental studies of exotic electronic properties of heavy fermion compounds.
